This study examined the effects of anterior arcuate and dorsomedial frontal cortex lesions on visually guided eye movements in three rhesus monkeys. Lesions of the anterior bank of the arcuate, where the frontal eye fields reside, produced major deficits in the execution of saccadic eye movements to sequentially presented targets that did not recover even after 1 year after the lesions. Ablations of the dorsomedial frontal cortex, wherein the medial eye fields reside, produced much smaller and shorter-duration deficits on this task. Deficits after paired lesions of the anterior arcuate and dorsomedial frontal cortex were of approximately the same magnitude as after single anterior arcuate lesions. Anterior arcuate lesions also increased saccadic reaction times to single visual targets and decreased saccadic velocities that recovered gradually over a period of 2 -5 months. Dorsomedial frontal cortex lesions produced only small increases in saccadic latencies that recovered rapidly. None of the lesions produced deficits in executing combined saccadic and pursuit eye movements to moving targets. The results suggest that the anterior arcuate area plays a central role in the execution of sequences of eye movements to successively appearing targets.
Introduction
In the frontal lobe of primates two areas involved in the control of visually guided eye movements have been identified, the frontal and the medial eye fields. The frontal eye fields (FEF) are located in the arcuate sulcus. In the anterior bank of this region neurons discharge in association with saccadic eye movements (e.g. Bizzi, 1968; ; electrical stimulation produces saccadic eye movements at low current levels (Robinson & Fuchs, 1969; Bruce, Goldberg, Bushnell & Stanton, 1985) . The size and direction of such saccades depends on the sub-region stimulated and is largely independent of initial eye position; prolonged stimulation produces a staircase of saccadic eye movements (Robinson & Fuchs, 1969; Schall, 1991) . Recent studies have shown that regions in the fundus of the arcuate sulcus and its posterior bank are concerned with the generation of smooth-pursuit eye movements (MacAvoy, Gottlieb & Bruce, 1991; Gottlieb, Bruce & MacAvoy, 1993) . Reversible inactivation and lesion studies of the FEF carried out so far have demonstrated only relatively mild deficits in eye-movement control that recovered rapidly (e.g. Latto & Cowey, 1971a,b; Schiller, True & Conway, 1980; Deng, Goldberg, Segraves, Ungerleider & Mishkin, 1986; Lynch, 1987; Keating, 1991 Keating, , 1993 Dias, Kiesau & Segraves, 1995; Sommer & Tehovnik, 1997) .
The medial eye fields, which have also been called the supplementary eye fields, reside in dorsomedial portions of the frontal lobe (DMFC) (Schlag & Schlag-Rey, 1987; Tehovnik et al., in press) . In contrast to the FEF, electrical stimulation of this area tends to move the eye to a certain orbital position; prolonged stimulation maintains the eye at that position (Schlag & SchlagRey, 1987; Mann, Thau & Schiller, 1988; Schall, 1991 , but see Russo & Bruce, 1993) . Different sub-regions, when stimulated, move the eye to different orbital positions (Tehovnik & Lee, 1993) . Single-cell recording studies have shown that many neurons in this area respond not only in association with saccadic eye movements but also in association with visually-guided arm Fig. 3 . Saccadic latencies obtained from monkey 1 before a right anterior arcuate lesion (RFEF) and during the fist week after the lesion for 24 target locations. The targets appeared at eccentricities of 6 deg. Also shown are means and temporal differences for left and rightward eye movements. Each data point is based on at least 100 saccades. movements (Mann et al., 1988; Mushiake, Fujii & Tanji, 1996) . In addition, the responses of neurons in this area are modulated by task-related factors such as learning (Chen & Wise, 1995a,b) or volition (Schlag et al., 1998) . Many neurons have responses associated with fixation (Bon & Luchetti, 1992; Schlag, SchlagRey & Pigarev, 1992; Lee & Tehovnik, 1995) . There is also evidence of a smooth-pursuit representation in the DMFC (Heinen, 1995; Tian & Lynch, 1995) and that smooth pursuit responses are modulated by the predictability of target motion (Heinen & Liu, 1997) . Reversible inactivation studies of the DMFC have shown only mild deficits in the generation of eye movements (Sommer & Tehovnik, 1999) , namely, deficits in executing sequences of eye movements to remembered target locations. Other than a brief report we have published (Schiller & Chou, 1998 ) the effects of permanent DMFC lesions on eye-movement generation have not been examined. Several studies have suggested that the supplementary motor area, that contains the medial eye fields, plays a significant role in the execution of sequential motor acts (Gaymard, Pierrot-Deseilligny & Rivaud, 1990; Gaymard, Rivaud & Pierrot-Deseilligny, 1993; Mü ri, 1993; Tanji & Shima, 1993) . For a recent review of the role of the frontal and medial eye fields in eye-movement control see Schiller (1998) and Tehovnik, Sommer, Chou, Slocum & Schiller (in press) .
Overall, the evidence suggests that the DMFC is less intimately involved in the specification of saccadic parameters than is the FEF, and may play a more modulatory role. The purpose of this study was to compare the relative effects of anterior arcuate, DMFC, and combined actuate and DMFC lesions on a battery of eye-movement tests that varied in difficulty. Animals were studied over an extended time period that allowed us to chart the course of recovery.
In this first paper we address the question of how our anterior arcuate, DMFC, and paired lesions affect the execution of saccadic eye movements made to (a) single visual targets of various durations; (b) visual targets whose visibility is varied by varying their contrast; (c) sequential targets necessitating the execution of sequences of saccadic eye movements; and (d) execution of saccadic and pursuit eye movements made to eccentric, moving targets. One central hypothesis we tested is that the medial eye fields in the DMFC but not the frontal eye fields in the anterior bank of the arcuate sulci play a central role in generating saccadic eye movements to sequentially appearing targets.
Our results show a major, long-lasting deficit in the ability to execute saccadic eye movements to sequentially appearing targets after anterior arcuate lesions; much smaller deficits were produced by DMFC lesions.
In addition, arcuate lesions produced deficits in the execution of saccadic eye movements to briefly presented targets, in saccadic reaction times, and in saccadic velocities that recovered gradually; these measures revealed only minor deficits that recovered rapidly after dorsomedial frontal cortical lesions. Deficits after paired lesions were of the same magnitude as anterior arcuate lesions alone with one exception: saccadic velocities after paired lesions recovered much more slowly than after only anterior arcuate lesions.
Methods
Four monkeys were used in this study. Monkey 1 (Linus) had a left DMFC lesion followed by a right anterior arcuate lesion. The left DMFC lesion was made after extensive recording and stimulation of the area. The DMFC lesion was produced by repeated, closely spaced lidocaine injections. This was done after the effects of reversible inactivation had been examined with single lidocaine injections in another study (Sommer & Tehovnik, 1999) . After many repeated injections the tissue was damaged resulting in a lesion to the area as verified both by single-cell recordings and by subsequent histology. This animal was tested several months after the DMFC was permanently damaged using single targets that revealed no residual deficits on the tasks. Subsequently the animal was tested extensively on the tests used in this study after which the anterior bank of the right arcuate sulcus was ablated by aspiration. Surgery was performed under pentothal anaesthesia under aseptic conditions with the aid of a surgical microscope. The lesions made were photographed during the surgery from several angles in all animals to provide an immediate record of their extent. Photographs of the aspirations made is desirable as with passage of time cortical tissue often changes is shape, most commonly as a result of intact tissue pressing into the aspirated region thereby tending to provide a misleading impression of lesion size upon histological examination, especially when carried out many months or years after the aspiration.
In the second animal (George), after extensive training and testing, the left anterior bank of the arcuate was aspirated. This animal 28 months previously has had bilateral area V4 lesions whose effects were restricted to the lower left and right visual fields; the upper visual fields remained entirely intact. The results of this portion of the work had been reported in several publications (Schiller & Logothetis, 1900; Schiller, Logothetis & Charles, 1990) . The visual deficits that had arisen from the V4 lesions gradually recovered over time. At the time of testing prior to the left anterior arcuate lesion comparison of performance in the upper and lower visual fields did not reveal any V4 lesion deficits on the tasks used in this study. Subsequent to the left arcuate lesion comparisons were made among the intact left upper visual field with regions affected only by the arcuate lesion (upper right visual field) and those of the lower visual fields. Performance on the tasks of this study was comparable when stimuli were presented in the left upper and left lower visual fields. Deficits were evident only in the hemifield contralateral to the arcuate lesion.
In the third animal (NoThumb) a series of successive aspiration lesions were made several months apart after each of which the animal was extensively studied. First the left and then the right DMFC area was ablated. This was followed by removal of the anterior bank of the left arcuate sulcus. This animal therefore had paired arcuate and DMFC lesions in the left hemisphere and a DMFC lesion in the right hemisphere.
The fourth animal (Chin) served as a control and was tested on all of the tasks used in this work.
To study the animals, first a head post and a scleral search coil were implanted. The monkeys were then trained on several behavioral tasks, all of which involved the execution of saccadic eye movements to visual targets that were presented on a color monitor facing the animal at a distance of 57 cm. Each trial began with the appearance of a fixation spot. Shortly after the animal directed the center of his gaze to this spot, a visual target appeared in one of several locations. The execution of a saccadic eye movement made to each target was rewarded with a drop of apple juice.
Eye-movement records were collected using an amplifier system built in our electronics shop which was linear within 9 16 deg of visual angle from straight ahead. We had the capacity to linearize the system beyond this range by having the animal fixate visual targets at various eccentricities. The eye-movement records were collected at 200 Hz and were stored for subsequent analysis.
The data analyzed in detail were percent correct target choice, saccadic velocities and saccadic latencies. Saccadic velocity was calculated by dividing the firstdifference of the eye position data by the time interval (5 ms). Saccadic peak velocity is defined as the maximum velocity achieved during the execution of the saccade. Saccadic latency was measured from target onset to the time at which the eyes broke fixation from the fixation spot; this breaking of fixation was calculated on the basis of the velocity minimum achieved immediately preceding saccadic peak velocity. Statistical analyses for significance in latencies or velocities was determined by comparing performance using t-tests for eye movements made to targets ipsilateral and contralateral to the brain lesions that were collected concurrently.
In this first paper the results of five tests are described:
(1) Single stationary targets: Following acquisition of the central fixation spot on the monitor, a single, high contrast (90.27 cd/m 2 ) target (most commonly 0.34 deg square) appeared, usually 180-250 ms after the animal had centered his gaze on the fixation spot. The fixation spot was extinguished 100 ms prior to the appearance of the target. A saccadic eye movement made to the target was rewarded with a drop of apple juice. The target was extinguished immediately upon its acquisition. On each trial the target appeared in one of several (4) Sequential targets: Two targets appeared in succession. The duration of each target, the interval between them, and the position of the targets was varied in a randomized sequence. The task of the animals was to make a sequence of two saccadic eye movements to the two targets. Rewards were dispensed only when the saccadic eye movements were accurate and were made in the same sequence as the targets. At the shortest durations the target sequence was over before the animal could initiate his eye movements. To preserve accuracy in the generation of the saccades and to make the sequential task distinct from the other three tasks, the stimulus conditions differed in two ways from the conditions described above: (a) Twenty four equally spaced small outline squares of low contrast were present on the screen throughout (0.1 cd/m 2 , 0.5 deg); (b) the targets appeared inside the selected squares and were bright red in color. The prime reason for having the outline squares present throughout was to optimize the animal's ability to make accurate saccadic eye movements as eye movements made in response to remembered target sequences tend to be quite inaccurate. With cued locations the major thing the animal had to remember which of the 24 squares had been cued.
Monkeys were tested using sequences with several different target positions. Trials were run in blocks. Within blocks always four pairs of target locations were used, two to the left and two to the right. They were always arranged in mirror image form. Before the lesions animals were tested using several blocks of sequences. From these, four relatively easy sequences were chosen to be tested repeatedly after the lesions for a period of many months. The targets for two of these appeared in the ipsilateral and two in the contralateral hemifields. Periodically the animals were tested on other sequences as well. The purpose here was to determine how performance on the same sequence improves over time and whether such improvement generalized to other sequences.
(5) Single mo6ing targets: The targets used were similar to those described in c 1 above. However, when the target appeared it was immediately set in motion at one of several velocities. The animal's task was to make a saccadic eye movement to the moving target and to then track it for 300 ms before getting rewarded. This task provides information about (a) the extent to which the velocity of stimulus movement is taken into account for the generation of the saccadic eye movement to intercept the target, and (b) the ability of the animal to track the moving target once it has been acquired.
To test the animals over an extensive range of horizontal orbital deviations, for the majority of the tasks we tested them with the monitor placed at three positions, with its central point on the screen straight ahead, 14 deg to the right and 14 deg to the left. The locations in randomized sequence. The background was held constant at 2.26 cd/m 2 . The data were collected and were analyzed to provide percent correct performance (close to 100% on this easy task), saccadic reaction times, saccadic velocities and the direction of the saccadic vectors.
(2) Brief stationary targets: The same procedures were used as in c 1 above but the duration of the targets was varied in a randomized sequence from 50 to 250 ms. Since saccadic reaction times ranged between 128 and 163 ms, the briefer duration targets on this task were extinguished before the animals initiated their eye movements to the target.
(3) Stationary targets used to measure contrast sensiti6ity: The purpose of this test was to determine whether any visual rather than motor deficits had resulted from the lesions. The procedures were similar to those used in c 1 above except that the targets were 1.2 deg checkerboard patterns. The contrast of the checkerboards was varied relative to the background to generate psychometric functions for performance at different spatial locations.
animal's head was always kept secure in the straight ahead position. For any set of conditions, the relative direction and size of the eye movements to be executed was the same for each of the three monitor positions used. However, the initial angular deviation of the eye in orbit differed. With the monitor in the straight ahead position, the eye was centered in orbit when the central fixation spot was viewed. Thus a target appearing 10 deg to the left or right produced a 10 deg saccadic eye movement that deviated the eye 10 deg in orbit to the left or right. With the monitor shifted 14 deg to the left, the eye was deviated 14 deg to the left in orbit when the same central fixation spot was viewed. The targets appearing now 10 deg to the left or right of the fixation spot still elicited 10 deg saccades. However, the eye in orbit was now deviated either 24 or 4 deg to the left. Fig. 1 shows the reconstruction of the lesions made in the three monkeys. The first monkey shown (Linus), as already described above, had the DMFC ablated with lidocaine after the area had been located with recording and electrical stimulation. The right anterior arcuate was subsequently removed by aspiration. The Fig. 8 . Saccadic latencies and percent correct performance for briefly presented targets obtained from monkey 3 after left and right DMFC lesions. The monkey was not tested on this task until 12 weeks after the left DMFC lesion (A) but was then tested right after the right DMFC lesion (B). Data are shown separately for leftward and rightward saccades. Fig. 9 . Percent correct performance on briefly presented targets shown for two monkeys for leftward and rightward saccades various times after the lesions. Data were obtained with the monitor in three positions as described before. Monkeys were tested repeatedly over a period of 17 and 13 weeks, respectively. Monkey 3 with paired lesions showed somewhat greater deficits on this task than did monkey 2 after the left anterior arcuate lesion (LFEF).
Results

The lesions
reconstruction shown was based predominantly on histology. In the other two animals reconstruction was based on the photographs taken during surgery that provide accurate assessment of the size of the lesion. The lesions were made with aspiration using a surgical microscope that provided an excellent view of the tissue that made it possible to clearly visualize gray and white matter. Aspiration was carried out with the aim of removing only gray matter. In monkey 2 (George) the anterior bank of the left frontal eye fields was aspirated. Only the gray matter in the anterior bank of the arcuate and on the anterior surface was removed. In the third animal three successive lesions were made, with the anterior arcuate aspiration similar to that made in monkey 2. The DMFC area was aspirated over an anterior-posterior extent of 12 mm and a lateral extent of 8 mm. Gray matter was also removed approximately 4 mm into the medial bank. The lesion extended anteriorly within 1 or 2 mm. of the projection of the arcuate to the midline. Monkey 3 was tested extensively after each aspiration.
Single stationary targets
After the lesions we tested animals with single targets using several different locations in the visual field. The purpose of this was to determine what direction and amplitude eye movements were affected by the lesions. We then proceeded to test the animals repeatedly for many months collecting data to determine how performance recovered over time. We assessed predominantly saccadic latencies and velocities. Fig. 2 shows eye-movement records obtained from monkey 2 before the left anterior arcuate lesion and 3 weeks after the lesion. The animal was tested using single targets with the monitor straight ahead. The fixation spot always appeared in the center of the screen. The targets were presented at an eccentricity of 12 deg in four locations 45 deg diagonally from the horizontal and vertical meridians. The location of the target was randomized by trial. These data show that subsequent to the lesion the animal continued to make good saccades to the targets presented contralateral to the lesion. However, these eye movements were somewhat less accurate and were hypometric. The hypometria at 12 deg was only 7% 3 weeks after the ablation and showed further recovery with time. Because saccade accuracy and size were only mildly affected we did not study them in detail. By contrast, saccadic latencies and velocities, as to be documented below, were notably affected by the arcuate lesions. Fig. 3 shows saccadic latencies obtained before and during the first post-operative right anterior arcuate lesion in monkey 1 (Linus). For testing the monitor position was placed straight ahead and the targets appeared at an eccentricity of 6 deg. The fixation spot was always presented in the center of the screen. Data are shown for 24 positions around the clock. Horizontal right eye movements are designated to have an angular degree of 0, horizontal left eye movements an angular degree of 180; 90 deg represent up saccades and 270 down saccades. As noted in the methods, this animal has had his left DMFC removed earlier. At the time of testing, prior to ablation of the right anterior arcuate, as can be seen by the data represented by the solid lines, saccadic latencies for eye movements that had leftward (105-255 deg of visual angle) and rightward (300-75 deg of visual angle) did not differ; the downward eye movements that had slightly longer latencies were similar for leftward and rightward saccades. Thus at the time of testing there was full recovery from the DMFC lesion. The effects of DMFC lesions at various times post-operatively are shown in more detail for another animal in Fig. 6 .
As shown in Fig. 3 , in monkey 1 during the first week after the right anterior arcuate lesion a highly significant (P\ 0.001) increase in saccadic latencies arose for eye movements contraversive to the lesioned hemisphere. This is accompanied by a significant decrease in latencies for ipsiversive saccadic eye movements (P \ 0.01).
In Fig. 4 data obtained under the conditions described for Fig. 3 are displayed showing the distribution of saccadic latencies for left and right saccadic eye movements in weekly samples. Prior to the right ante- rior arcuate lesion the latencies for left and right saccades are similar. During the first three post-operative weeks following removal of the right anterior arcuate the latency of right saccades is much longer than preoperatively. Left saccades on the other hand had shorter latencies. Many of these saccades have latencies in the express saccade range. During the first three post-operative weeks there is in fact a hint of bimodality in the latency distribution for right saccades. As shown in the graph at the bottom, the latency differences for left and right saccades declines over time. At 8 weeks the difference is down to 8 ms.
In addition to testing the animals with the monitor straight ahead, we have obtained data when the monitor was shifted 14 deg to the left or the right. The stimulus conditions remained the same. The fixation spot continued to appear in the center of the monitor. Thus for the three monitor locations the initial position of the eye in orbit was either straight ahead, 14 deg to the left or 14 deg to the right. For comparable target locations therefore, the size and direction of the saccades remained identical under these three conditions. The position of the eye in orbit, however, was different. We used these conditions to try to determine the extent to which orbital position and saccadic parameters of direction and amplitude might be differentially affected by the lesions since earlier work has shown that the FEF carries a vector code whereas the MEF carries an eye position in orbit code (Schlag & Schlag-Rey, 1987; Schall, 1991; Tehovnik & Lee, 1993) . Fig. 5 shows pre and post-operative distributions of saccadic latencies from monkey 2 (George) collected with the monitor placed in three different positions. The targets in this case appeared in one of four locations (45, 135, 225 and 315 angular deg) and were 12 deg eccentric from fixation. Pre-operative performance shows that the left and right eye movements are highly similar for the straight ahead condition and have slightly longer latencies for saccades to more eccentric locations when the monitor was placed to the left or right. Post operatively, after the left anterior arcuate lesion, right saccades have a much greater latency which is most pronounced when the monitor is on the right and least pronounced when the monitor is on the left. When tested at the straight ahead position during the second week, mean saccadic latencies were 116 and 206 ms for left and rightward saccades, respectively. There is a gradual decrease in the magnitude of the latency difference over time, but even at 32 weeks for these relatively large saccades a small but significant latency difference remained when the monitor was straight ahead and to the right. Fig. 6 shows similar data from monkey 3. Pre-operative testing in this animal was made only with the monitor straight ahead. In this animal first the left DMFC was ablated after which there was no significant increase in saccadic latencies for the straight ahead condition (not shown). The second and third rows show data 2 and 14 weeks after a right RMFC lesion. We now began to test this animal with the monitor in three positions. During the first 2 weeks of testing there is a small but statistically significant (P\ 0.05) difference in saccadic latencies for the straight ahead condition, and a larger difference (P\ 0.01) with the monitor on the left, which for the most part recovered by the fourteenth week.
Subsequently in this animal the left anterior arcuate was also removed, thus yielding combined anterior arcuate and DMFC lesions on the left. The ensuing latency differences shown in Fig. 6 , rows 4 and 5 are quite similar to those shown for monkey 2 in Fig. 5 . During the first week after the left anterior arcuate lesion the mean left and right saccadic latencies were 137 and 230 ms, respectively.
There is a slower rate of recovery in saccadic latencies seen in monkeys 2 and 3 compared with monkey 1 (Fig. 3) . This is predominantly due to the fact that the data were collected at different eccentricities. When tested at 14 weeks, with targets presented at greater eccentricities than for the data shown in Figs. 3 and 4 , monkey 1 did in fact have longer latencies to the left than to the right. This suggests that the rate of recovery for the execution of small amplitude saccades is faster than the rate of recovery for large saccades. Fig. 7 shows plots of saccadic velocities for 12 deg saccadic eye movements with the monitor in the straight ahead position. Data from two animals are shown. Column A shows data from monkey 2 (George) before left anterior arcuate lesion and at various times after the lesion. Compared to pre-operative performance, 3 weeks post left anterior arcuate lesion saccadic velocities for right saccades became slower and for left saccades slightly faster. By the seventeenth week differences between left and right saccadic velocities have largely disappeared.
Saccadic 6elocities
In monkey 3 (NoThumb) saccadic velocities were largely unaffected by successive left and right lesions of DMFC. Subsequent removal of the left anterior arcuate produced a major shift in saccadic latencies; right saccades now have much smaller velocities. Only minor recovery is evident by the twentieth week. Monkey 3 was tested again on saccadic velocities 12 months after the left anterior arcuate lesion without further recovery (left and right peak saccadic velocities at this time were 463 and 355 deg/s). Thus after paired lesions of the anterior arcuate and DMFC, in contrast with lesions of the arcuate alone, there is no recovery in saccadic velocities. This raises the possibility that the recovery seen in saccadic velocities after anterior arcuate lesions occurs by virtue of the DMFC taking over this function.
Changes in saccadic velocities observed after frontal eye field and combined lesions may in part be attributable to the fact that saccades toward the side of the lesion became slightly hypometric. However, the degree of hypometria 3 weeks after frontal eye field lesions was only 7% with 12 deg saccades and became less subsequently. The large, persistent decreases in saccadic velocities seen after combined lesions in panel B cannot be attributed to hypometria.
Contrast sensiti6ity
To ascertain whether sensory deficits contribute to the deficits noted, we tested the visual capacities of our animals using several tests as described in detail in previous work with particular attention to contrast sensitivity (Schiller et al., 1990; Schiller, 1993) . No deficits were found on these tests suggesting that the increases in saccadic latencies subsequent to anterior arcuate lesions are not attributable to sensory deficits.
Brief stationary targets
Monkeys were also tested with targets of varying durations. For all the data shown so far the target was extinguished only after the animal completed his saccadic eye movement to the target. When tested with brief targets, saccades were most commonly initiated after the target had been doused. The stimulus parameters for using brief targets were similar to those described in Section 2 above. Fig. 8 shows data from monkey 3. In part A latency and percent correct data are shown for two target durations, 50 and 83 ms with the monitor at three positions. The data were collected 12 weeks after the left DMFC. There is little evidence of any deficit at this time after the lesion. For the briefer target saccadic latencies are longer and percent performance is down for saccades made to more eccentric targets when the monitor is either on the left or on the right. Thus saccadic eye movements made to 50 ms duration targets on the right when the monitor was on the right, and eye movements made to the left when the monitor was on the left resulted in poorer performance. Saccadic latencies for these conditions were around 160 ms which was more than three times longer than the duration of the target.
In panel B data are shown 1 and 2 weeks after right DMFC lesion. There is a small deficit evident during the first week that recovers for the most part by the second week. Fig. 9 shows data on performance with briefly presented targets from two animals, monkey 2 (George) who has had a left anterior arcuate lesion and monkey 3 (NoThumb) after a combined DMFC and left anterior arcuate lesion. The tests were carried out with the monitor in one of three positions. Monkey 2 (George) was tested repeatedly on this task for 17 weeks; monkey 3 (NoThumb) was tested for 13 weeks on this task. The data show sizeable deficits for rightward saccades in both monkeys which are most pronounced with the monitor on the right. The deficits are more pronounced in monkey 3 after the paired lesion than in monkey 2 after the left anterior arcuate lesion. There is consistent recovery over time. By the 17th and 13th weeks, respectively, the animals have for the most part regained their pre-operative performance.
Most common error monkeys made on this task were saccades that fell short of the target. Less common was failure to initiate a saccadic eye movement within the 300 ms time limit set. For the recognition of a correct saccade in this paradigm the electronic windows were set to be 3 deg in diameter; they were centered on each target as calibrated with targets of long duration. Only saccadic eye movements that landed the center of gaze within the electronic windows were rewarded. Typically saccades with amplitudes of less than 70% were not rewarded.
The results shown in Figs. 8 and 9 suggest that after anterior arcuate lesions but not after DMFC lesions animals develop difficulties in making saccadic eye movements to briefly presented targets. The deficit seen recovers over time. This deficit is akin to those seen with 'memory guided saccades' to single targets.
Sequential targets
Since it had been suggested that the supplementary motor area plays a role in the execution of sequential motor acts (Gaymard et al., 1990 (Gaymard et al., , 1993 Mü ri, 1993; Tanji & Shima, 1993) , we have trained our animals to execute a sequence of two saccades to successively appearing targets. We then examined how this capacity is affected by anterior arcuate and DMFC lesions. The successively appearing two targets, as noted in the methods section, were presented using 24 target locations on the screen that were marked with outline squares that remained on throughout. Trials were run in large blocks in which typically four paired sequences and three to five sequence durations were randomized. The animals were tested with the monitor placed at three different positions. These procedures are different from those used by Gaymard et al. (1990) in that they used as many as five sequential targets that remained on and did not randomize the timing of target presentation.
The sequence durations consisted of three timings: the duration of the first and second targets and the duration of the interval between them. These durations were chosen empirically. To optimize the animal's performance and minimize his neglecting to make an eye movement to the first target, the duration of the first target was typically made longer than that of the second target. The first target duration ranged between 33 and 300 ms. The interval between the targets ranged between 50 and 117 ms. The second target duration ranged between 33 and 83 ms. These times were varied in multiples of 16.7 ms, which is the frame rate of the monitor.
After each lesion monkeys were tested repeatedly on four relatively easy sequences for several months to assess their rate of recovery. Periodically other, more difficult sequences were introduced to determine whether the improvement seen generalized to other sequences.
Quantitative data on the sequential task before and after the left anterior arcuate lesion are shown in Fig.  10 . The monkey was tested with the monitor at three positions. The same pair of four positions was tested repeatedly using different sequence durations. The four sets of sequence positions were as follows: C1 -A1, C1 -E1, C5-A5, C5 -E5 (see inset in left top panel of Fig. 10 ). Pre-operatively the animal performed somewhat less well when he had to make saccadic eye movements to targets positioned to the right of fixation when the monitor was placed to the right. Data were collected over a period of 18 weeks on this task. The deficit is sizeable on this task but recovered by the 18th week.
Examination of saccadic latencies made to the first target in the sequence suggests that target reaction times make only a small contribution to the deficit. For example, 3 weeks after the left anterior arcuate lesion, the mean latencies to the first target in the sequences we used were 130 ms to the left and 198 ms to the right when the monitor was straight ahead. This makes for a latency difference of 68 ms. Yet comparable performance to the left and right occurs with a sequence duration difference of more than 200 ms as can be seen in Fig. 10 .
Similar data are shown for monkey 3 in Fig. 11 after his left and then his right DMFC lesions. After the left DMFC lesion the animal was not tested on this task until the 5th post-operative week. However, after the right DMFC lesion he was tested on this task already during the first post-operative week. Looking at his performance after the right DMFC lesion it can be seen that during the first week there is a significant deficit, especially when tested with the monitor on the left. Recovery is nearly complete by the 6th week. The monkey's performance with the monitor on the right shows that he actually does slightly better during the first week after the right DMFC lesion than before it. Performance then gradually declines until it is quite comparable to the data shown on the left. Fig. 12 shows comparable data obtained from monkey 3 (NoThumb) after his left anterior arcuate lesion subsequent to the DMFC lesions. In the left hemisphere this animal therefore has a paired lesion of the anterior arcuate and the DMFC. These data show similar recovery over time as with single arcuate lesions. Fig. 13 shows eye-movement records collected using a different sequence. The data shown here were obtained 18 and 60 weeks after the left anterior arcuate lesion in monkey 2. By this time the animal, as can be seen in Fig. 10 , has shown full recovery on the sequential task that had the same spatial sequences shown repeatedly. Eye movements are displayed for two sequence durations on the new sequential task, set at 217 and 117 ms. Four hundred trials were collected over 3 days. For the longer duration sequence eye movements are quite good both to the left and to the right. However, for the shorter duration the monkey's performance to the right is quite poor. Performance on the shorter duration sequence remained impaired. Eighteen weeks after the lesion for sequence duration of 217 ms performance was 100% correct for leftward saccades and 89% for rightward saccades. Latencies for initiating the first saccade were 120 and 154 ms for left and rightward saccades respectively. For the 117 ms duration sequence performance was 96% correct for leftward and 20% for rightward saccades; the corresponding latencies for initiating the first saccade was 119 and 149 ms, respectively. Sixty weeks after the lesions the corresponding values for the 217 ms duration sequence was 98 and 87% for left and rightward saccades with latencies of 119 and 156 ms; for the 117 ms duration sequence these values were 97 and 22% for left and rightward saccades with latencies of 114 and 144 ms. These data are also based on 400 trials.
Monkey 3 was also tested using these procedures on the same sequences after his anterior arcuate lesion. The deficits were similar to those shown for monkey 2.
The deficits we report here with the sequential task after anterior arcuate lesions can in part be attributed to the fact, as shown in Fig. 9 , that such lesions also produce a deficit in eye-movement generation to briefly presented targets. However, that deficit recovers by the 13th week, whereas a sizeable deficit remains on the sequential task even a year after the lesion. This suggests, therefore, that anterior arcuate lesions produce a genuine sequential processing problem.
Single mo6ing targets
The effects of DMFC, anterior arcuate and paired lesions were also assessed using a step-ramp paradigm. This test assesses the capacity to carry out eye movements in which pursuit and saccadic activity occur in conjunction. This is perhaps the most common occurrence in the everyday life of primates since they are on the move most of the time. Earlier work has established that the pursuit system has much shorter initiation latencies than does the saccadic system (Rashbass, 1961; Schiller, 1998) . Two questions were posed: (1) After the lesions, is the ability to take into account velocity information for the generation of saccadic eye movements affected? (2) How well do the animals track moving targets with smooth pursuit eye movements after the lesions?
Data for the step-ramp test were collected only with the monitor in the straight ahead position. The targets appeared in one of four positions at eccentricities of 12 deg as indicated in Figs. 14-17. Three velocities of movement were used, 0, 10 and 20 deg/s. The targets moved either horizontally or vertically. For the data shown here for horizontal motion, the direction of movement for each target was toward the vertical meridian. For vertical motion the movement of each target was towards the horizontal meridian. The meridians were defined relative to the location of the fixation spot. Targets were presented at four starting positions as in Fig. 2 , at 45 deg from the horizontal and vertical starting positions.
Fig. 14 shows eye-movement records from monkey 3 (NoThumb) 7 weeks after the right DMFC lesion and then 9 and 51 weeks after the left arcuate lesion. The figure shows eye movements made to the upper targets that moved downward. Although after the lesions it is evident that the eye movements are somewhat less accurate, as already noted in Fig. 2 , the monkeys continued to take into account the velocity information provided by the moving target to generate their eye movements. The more rapid the target movement, the more the saccades generated are deviated toward the direction of motion thereby yielding an optimal intercept of the moving target. That this computation is largely unaffected by the lesions is demonstrated further in Figs. 15 and 16 where the mean angle of the saccades is plotted for the four target locations used. Fig. 15 shows data for horizontal stimulus movement before and 10 weeks after the left anterior arcuate lesion in monkey 2. The two sets of data are quite similar indicating that on this task by the 10th week the animal has recovered. Fig. 16 shows similar data before and 8 weeks after the left anterior arcuate lesion in monkey 3. The data in the lower panel, which are quite similar to those in the upper panel, suggest that even after paired DMFC and anterior arcuate lesions there is rapid recovery on this task. Fig. 17 shows eye-movement records prior to and 3 and 10 weeks after the left anterior arcuate lesion in monkey 2 for eye movements made to the right upper target that moved downward at a velocity of 10 deg/s. The eye movements are shown over time. Plotting starts with target onset. It is evident that the prime effect of the lesion on this task is the increased latency of saccade initiation. The longer the latency the shorter the saccadic eye movement. Thus after the lesion the animal continues to take into account the movement velocity of the target and adjusts the size and direction of the saccade to intercept the target with reasonable accuracy. Considerable improvement in saccadic latencies is evident by the tenth week although his performance on this task at this time is still not fully back to pre-operative levels. Pursuit eye movements following target acquisition seems largely unaffected by the lesion.
Data from monkey 3 after the paired lesions were quite similar to those obtained after single left anterior arcuate lesion in monkey 2.
These results suggest that DMFC, anterior arcuate and combined lesions do not interfere with the ability to incorporate velocity information in the generation of saccadic eye movements to moving targets. Neither do such lesions interfere with the animals' ability to track the targets after a saccadic eye movement had been made to them. Lesions and reversible inactivation of the fundus and posterior bank of the arcuate, however, has been shown to affect smooth-pursuit eye movements (Lynch, 1987; Keating, 1991; MacAvoy et al., 1991; Keating, 1993; Shi, Friedman & Bruce, 1998) .
Discussion
This study revealed major differences in the magnitude of deficits incurred after anterior arcuate and DMFC lesions. DMFC lesions produced practically no deficits in the latency of saccadic eye movements made to single targets and in the velocity of saccadic eye movements. The anterior arcuate lesions, on the other hand, affected both saccadic latencies and velocities: saccadic latencies increased for saccades made to single targets that appeared contralateral to the lesion and decreased for ipsiversive saccades. In one monkey the decrease in saccadic latencies was in part due to the appearance of express saccades after the anterior arcuate lesion. Changes in saccadic latencies and saccadic velocities recovered over a period of a few months. Our data suggest that the rate of recovery is more rapid for small saccades made to targets close to the fixation spot; recovery times were longer for larger saccades. In our previous studies we had shown rapid recovery in saccadic latencies for small, 4 -8 deg saccades (Schiller et al., 1980) ; this study reveals longer recovery times for large amplitude saccades. Paired anterior arcuate and DMFC lesions produced similar deficit in saccadic latencies as did anterior arcuate lesions alone. However, after paired lesions a long-term decrease was observed in saccadic velocities that was much greater than after anterior arcuate lesions alone (Fig. 7) . This finding raises the possibility that the recovery seen in the velocity with which visually guided saccades are executed after anterior arcuate lesions occurs by virtue of area DMFC taking over.
The second set of deficits shown in this study are those that arose when single visual targets were presented briefly. On this task too, a major difference was evident after anterior arcuate and DMFC lesions. After DMFC lesions the deficits were mild and recovered by the second week. After anterior arcuate lesions as well as well after paired DMFC and arcuate lesions much more pronounced deficits were seen on this task, especially when the monitor was displaced into the hemifield contralateral to the lesion necessitating the animal to start each trial with the eye deviated contralateral to the lesion 14 deg from straight ahead. Deficits as seen on this task recovered between 3 and 4 months and were of the same extent after paired DMFC and arcuate lesions as after arcuate lesions alone.
The most pronounced deficits we had found on the series of tests we report in this first paper were on the sequential task. Once again, the deficits were much more pronounced after arcuate than after DMFC lesions. With the use of the same set of sequences, recovery after the arcuate lesion and paired lesions was nearly complete after 18-24 weeks. On the other hand when animals were periodically tested on another set of sequences, deficits were evident even a year after the arcuate lesions.
The execution of combined saccadic and pursuit eye movements, other than for increased saccadic latencies, was not affected by the lesions we had made. The velocity information provided by moving targets continued to be utilized for generating saccades that optimally intercepted the moving target and to then pursued it. That velocity information of target movement was correctly computed was also reflected in the fact that after the increased saccadic latencies induced by the lesions, target interception continued to be optimized.
Our results regarding the difference in deficits between DMFC and anterior arcuate lesions on the sequential task was unexpected. Previous studies had shown that area DMFC plays and important role in executing sequences of motor movements (Gaymard et al., 1990 (Gaymard et al., , 1993 Mü ri, Rö sler & Hess, 1994) . Our work here suggests, albeit using somewhat different procedures, that the frontal eye fields in the anterior arcuate play a central role in the ability to make sequences of eye movements to successively appearing targets. We shall discuss these findings in further detail at the end of the second paper of this series in which we report on other long-term deficits that deal with target selection and temporal processing.
